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reproduction	 to	 be	 unique:	 live-bearing	 reproduction	 in	 non-mammalian	
species	was	considered	a	‘simple	pattern’	in	which	fertilized	eggs	developed	

































and	hatch	eggs.	As	a	 consequence,	 the	evolution	of	viviparity	 is	often	as-
sumed	to	precede	the	colonization	of	marine	habitats	by	extinct	reptiles	and	
extant	sea	snakes	[40,43–45].
Poeciliidae: a model family of live-bearing fshes
The	Poeciliidae	family	consists	of	220	species	in	28	genera	[46,	Figure	1-1].	









about	 2.5%	of	 all	 documented	 species	 of	 ray-finned	fishes	 giving	 birth	 to	
live-young.	 This	 is	 especially	 little	 compared	 to	 the	 other	major	 clade	 of	
fishes,	cartilaginous	fishes,	as	over	half	of	the	recorded	species	of	rays	and	




























Figure 1-1. (next page) Phylogeny of the Poeciliidae indicating the level of ma-
trotrophy and the presence of superfetation. Names depicted in bold indicate 
species used in this thesis. Boxes at the terminal ends indicate the presence (grey) 
or absence (white) of superfetation. Branch colour indicates a maximum likelihood 
reconstruction of maternal provisioning for natural log-transformed matrotrophy in-
dices (MI), lnMI. Arrow indicates an MI of 1. The single egg-layer in the Poeciliidae 















The	 (increased)	 presence	 of	 predators	makes	 natural	 selection	 act	 in	 two	
different	directions:	1),	selection	acts	on	females	to	produce	more	offspring	
quickly	(the	life	history	traits	mentioned	above),	a	life	history	generally	re-
ferred	to	as	 the	 ‘live	 fast	–	die	young’-pattern	[66];	while	2),	selection	acts	
on	 survival	 of	 predatory	 strikes.	 These	 two	 selection	 forces	 seem	 to	 be	 a	
functional	 trade-off:	 selection	 for	more	 offspring	 causes	 larger	 abdominal	
distention,	which	should	result	in	reduced	swimming	performance	and	re-
























































some	matrotrophic	 provisioning	 are	 classified	 as	 “incipient”	 or	 “limited”	
matrotrophs,	while	species	that	have	an	MI	>>	1	are	classified	as	“extensive”	


































Figure 1-2. Overview of matrotrophy. A: Detail of an ovary of Phalloptychus jan-
uarius displaying matrotrophy. Arrowhead: maternal blood supply to a late-stage 
embryo. B: Frequency distribution of different levels of matrotrophy in Poeciliidae. 
Adapted from [28]. Inset: schematic overview of early- and late-stage embryos in 
lecithotrophic and matrotrophic species. C: The locomotor costs hypothesis predicts 
that the smaller oocytes at fertilization in matrotrophic fishes (B, inset) lead to a lower 
reproductive burden throughout pregnancy; the difference between the lecithotro-






















higher	 than	 that	 of	 low-predation	populations	 [90],	 but	 experimental	 evi-
dence	that	matrotrophy	indeed	provides	an	adaptive	benefit	to	morphology	
and	swimming	performance	during	pregnancy	is	currently	still	lacking.
Figure 1-3. Overview of superfetation. A: Image of an ovary of Phalloptychus jan-
uarius that clearly displays superfetation: embryos of multiple developmental stages 
can be discriminated. B: Frequency distribution of different levels of superfetation 
in Poeciliidae. Inset: schematic overview of the effect of superfetation at different 
developmental stages of a single brood. Data from [28,67,82,87,103–108]. C: The 
locomotor costs hypothesis predicts that superfetation leads to a reduction in the 
amplitude of the changes in reproductive burden (number of simultaneous broods, 


















































Finally,	 the	adaptive	hypotheses	 state	 that	 superfetation	 could	 reduce	 the	
costs	of	reproduction,	either	energetically,	morphologically,	and/or	with	re-

















the	difference	 in	volume	between	 recently	 fertilized	and	 full-term	embry-
os	 should	 lead	 to	 a	 smaller	 total	 volume	of	 embryo	mass	 in	 species	with	
superfetation.	 Superfetation	 should	 thus	 result	 in	 a	 reduced	amplitude	of	





The	 effect	 of	different	 levels	 of	 superfetation	on	body	 shape	 changes	 and	
swimming	performance	have	not	yet	been	measured	directly.	There	is	how-
ever,	a	small	body	of	work	that	provides	circumstantial	evidence	through	
the	comparison	of	 superfetation	 levels	of	populations	 that	differed	 in	wa-
ter	flow	velocity	and	predation	pressure.	First,	Zúñiga-Vega	and	colleagues	
















of	 explaining	 (adaptive)	 evolution.	To	examine	whether	 superfetation	has	











morphology,	 performance	 and	 fitness	 needs	 to	 be	 understood.	However,	
with	knowing	one	or	two	of	these	three,	predictions	about	the	other(s)	can	
be	made.
As	mentioned	 in	 the	 above	paragraphs:	 swimming	performance	 can	be	 a	
selective	agent.	This	goes	as	far	as	evolving	different	body	shapes,	but	could	
also	affect	different	aspects	of	an	animal’s	biology:	the	locomotor	costs	hy-






for	 long	migrations,	 long	 chases	 (e.g.	 how	 tuna	 hunt)	 and	 swimming	 in	
fast-flowing	streams.	Fish	that	predominantly	exhibit	this	type	of	swimming	































these	manoeuvres	 can	 contain	 significant	vertical	 components	 that	 can	be	
related	to	the	direction	of	predator	approach	[11,120].










Figure 1-4. Schematic overview of the thesis chapters. Chapter 2 reviews how 
pregnancy and reproductive adaptations affect morphology, performance and fitness 
throughout the animal kingdom. Chapter 3 describes the effect of matrotrophy on 
the morphological changes during pregnancy. In chapter 4, the three-dimensional 
nature of fast-start performance manoeuvres is examined. Chapter 5 describes how 
the morphological changes during pregnancy affect fast-start performance and how 
superfetation affects morphology. Lastly, in chapter 6 (not depicted in this picture), 
the results of the previous chapters will be placed into a wider context with a per-
spective for future work.
The	relationship	between	morphological	traits	and	fitness	is	often	described	
through	 Arnold’s	 morphology-performance-fitness-diagram	 [109].	 In	 this	
thesis,	I	try	to	unravel	parts	of	the	relationship	between	pregnancy	and	its	
adaptations,	morphology,	performance	and	fitness	[Figure	1-4].	












but	evidence	 for	 this	hypothesis	 is	 lacking.	By	comparing	the	morpholog-
ical	 changes	between	a	 lecithotrophic	 livebearer,	Poeciliopsis gracilis,	 and	a	


















tion:	Poeciliopsis turneri,	Heterandria formosa	and	Phalloptychus januarius.	We	
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The burden of viviparity: 
 
The locomotor costs of live-







dom,	and	 is	 found	 in	a	wide	range	of	 taxa	and	ecologies.	For	 this	 trait	 to	
evolve	or	persist,	the	advantages	of	viviparity	should	outweigh	the	disad-
vantages,	all	compared	to	an	ancestral	oviparous	(egg-laying)	mode	of	re-






broad	 types	of	adaptations	 to	 live-bearing:	 (i)	anatomical	adaptations	 that	
reduce	the	morphological	effects	of	pregnancy,	(ii)	behavioural	adaptations	
that	reduce	the	dependency	on	(maximum)	locomotor	performance	and	(iii)	


























investments	 into	 the	offspring.	These	demands	are	 likely	 to	be	more	pro-





parity	 refers	 to	 females	 that	deposit	 (un)fertilized	ova	covered	by	an	egg-






(2) Evolutionary origins of viviparity

































to	 squamate	 reptiles	 [11–15,17,19–26];	 similar	patterns	have	not	 (yet)	been	
found	for	other	ectotherm	animal	lineages	(e.g.	in	fishes,	[27]).
Finally,	 studies	 show	that	 the	evolution	of	viviparity	 is	often	 followed	by	
accelerated	speciation	rates	[22,28–30],	suggesting	that	viviparity,	once	ac-
quired,	could	facilitate	radiation	into	novel	geographical	areas	or	even	eco-
logical	 niches	 [14,31].	 For	 example,	 viviparous	 snakes	 colonized	 marine	
habitats	following	the	evolution	of	a	live-bearing	mode	of	reproduction	in	
terrestrial	ancestors	[29,32,33].
(4) Disadvantages of viviparity
Viviparity	is	hypothesized	to	have	three	main	disadvantages,	which	could	
























(5) Adaptations to viviparity
For	viviparity	to	evolve,	the	advantages	of	viviparity	should	outweigh	the	
costs.	Compensation	for	these	costs	could	have	come	in	part	from	adapta-




traits.	The	 latter	 represents	 traits	 that	 evolve	with	 livebearing,	perhaps	 to	
directly	enable	 livebearing	or	perhaps	 to	 indirectly	 facilitate	 the	evolution	
of	livebearing	by	alleviating	some	of	the	costs	associated	with	this	mode	of	
reproduction.	 It	 is	currently	not	well-documented	which	 traits	may	act	as	
adaptations	to	live-bearing,	or	to	what	extent	these	may	compensate	for	the	
disadvantages	associated	with	viviparity	(e.g.	how	a	trait	compensates	for	
Figure 2-1. Schematic overview of how pregnancy and adaptations to live-bear-
ing influence Arnold’s morphology → performance → fitness framework [44]. 
The effect of pregnancy on morphology, performance and fitness are discussed in 
Section II. Adaptations to pregnancy are discussed in Section III, and are subdivided 
into three classes: adaptations that reduce the performance costs by affecting the 
morphology of the animal, adaptations that avoid the performance cost by changing 











(6) The scope of this review
In	this	review,	we	discuss	the	effects	of	a	live-bearing	mode	of	reproduction,	
following	Arnolds’s	 “morphology	→	 performance	→	 fitness	 framework”	
[44]	(Figure	2-1).	In	Section	II,	we	review	the	effects	of	pregnancy	on	mor-
phology,	 locomotor	 performance	 and	 survival.	 Here	 we	 discriminate	 be-
tween	aquatic,	terrestrial	and	aerial	locomotion,	as	pregnancy	has	distinctly	









II. The effect of viviparity on locomotor performance





sider	 the	 animal’s	 environment.	We	 reviewed	 the	 available	 literature	 that	
compared	performance	during	pregnancy	with	that	of	unburdened	animals,	
and	reported	 the	 relative	performance	change	 (‘costs’)	 in	Table 2-1.	 In	 the	



























direction	of	motion)	(Table 2-1).	The	live-bearing	fish	species	Gambusia affinis 
Baird	&	Girard	(1853)	and	the	common	bottlenose	dolphin	Tursiops trunca-





drag	 force	are	known,	one	can	 in	principle	derive	 the	effect	of	pregnancy	
on	 the	drag	coefficient	 (e.g.	dolphins,	 [53]).	However,	because	undulatory	
swimming	causes	the	body	to	deform	continuously,	the	pressure	and	shear	
stress	applied	 to	 the	body	change	constantly,	making	 the	 relationship	be-
tween	 surface	 area,	 body	 shape	 and	 drag	 during	 undulatory	 swimming	
complex	 [55,56].	The	 formula	 for	drag	 force	 thus	 is	only	 truly	valid	when	
















































Avian	predators,	 such	as	herons,	 are	 found	 to	prey	almost	 exclusively	on	
females,	rather	than	males	[68].	Pregnant	Atlantic	mollies	(Poecilia mexicana 
Steindachner,	1863)	are	more	vulnerable	to	predation	by	giant	water	bugs	















in	walking,	 crawling	and	running	animals,	with	a	 strong	 focus	on	 lizards	
and	snakes	 (Table 2-1).	An	 increase	 in	 female	body	mass	during	pregnan-

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Aerial	 locomotion	can	be	 subdivided	 in	 two	different	 types:	 (i)	gliding	or	
soaring,	i.e.	unpowered	locomotion,	and	(ii)	powered	flight.	There	are	spe-
cies	of	livebearers	exhibiting	both	types	of	locomotion.
Flight	 is	 a	 rare	 trait	 in	 viviparous	 animals	 –	 or	 vice	 versa,	 viviparity	 is	 a	
rare	reproductive	mode	in	flying	animals.	It	has	been	argued	that	the	low	
incidence	 of	 viviparity	 in	 aerial	 animals	 is	 associated	 with	 the	 increased	
wing	 loading	 during	 gestation,	 which	 makes	 flight	 exceedingly	 difficult	
[81].	Because	wing	area	generally	does	not	change	during	gestation,	wing	
load	(mass	divided	by	the	area	of	the	wing)	increases	proportionally	with	























III. Adaptations to viviparity
The	locomotor	costs	of	pregnancy,	and	their	effects	on	fitness,	may	be	com-
pensated	 for	 by	 a	 diverse	 array	 of	 adaptations.	 These	 can	 be	 categorized	










































Finally,	 repositioning	of	 reproductive	organs	often	 leads	 to	a	reduction	 in	
fecundity.	However	this	is	not	always	the	case,	as	shown	in	a	variety	of	liz-




















Matrotrophy	 can	 potentially	 enhance	 a	 female’s	 locomotor	 performance	
during	pregnancy	by	reducing	the	average	burden	during	the	full	term	of	
pregnancy	 since	 offspring	 are	 smaller	 and	 lighter	 early	 in	 development.	







Embryos	 increase	 in	 (wet)	mass	 and	 volume	 during	 development	 due	 to	
the	uptake	of	water	and/or	nutrients,	causing	late-stage	embryos	to	be	sig-
nificantly	 larger	 than	recently	 fertilized	ova.	 In	 the	 lecithotrophic	Trinida-
dian	guppy	Poecilia reticulata	Peters	(1859)	for	instance,	embryos	experience	
























(2) Adaptations to avoid high-performance demanding situations
A	second	way	to	cope	with	the	locomotor	costs	of	pregnancy	is	by	avoiding	
situations	 in	which	maximum	performance	 is	demanded.	Contrary	 to	 the	
previously	mentioned	adaptations,	these	reduce	the	dependency	on	(max-
















thermore,	 despite	 a	 reduced	maximum	 locomotor	 performance,	 pregnant	
Eulamprus tympanum	 Lönnberg	 and	Andersson	 (1915)	 skinks	have	 similar	

















during	 periods	 in	which	 reduced	flight	 capability	 increases	 vulnerability.	
Pregnant	bighorn	sheep	(Ovis canadensis	Shaw,	1804)	migrate	from	low-el-
evation	 feeding	grounds	 to	 less-accessible	higher	elevations	 [116].	A	com-
parable	habitat	shift	occurs	in	Trinidadian	guppies	(P. reticulata):	pregnant	
females	from	‘high-predation’	populations	were	restricted	to	shallow	pools	


















opportunistic	 foraging	 strategy	 is	 often	 observed,	 in	which	pregnant	 bats	
instead	feed	on	the	most	abundant	and	readily	available	prey	[122].





























































c.  “Live fast – die young”-life history
In	the	face	of	an	unyielding	risk	of	predation	and	associated	high	mortality	
rates,	species	are	predicted	to	evolve	a	set	of	life	history	traits	that	are	char-
acterized	 by	 early	maturity	 and	 reproduction	 and	 increased	 reproductive	
investment	[153].	As	pregnancy	reduces	locomotor	performance	and	mater-




parative	 studies	 of	 interspecific	 life	 history	 patterns	 in	 diverse	 organisms	
[154,155]	and	particularly	well	described	in	a	few	focal	species.	For	exam-
ple,	natural	populations	of	Trinidadian	guppies	(Poecilia reticulata)	from	the	










it	 will	 further	 increase	 the	 locomotor	 costs	 during	 pregnancy.	 However,	
‘high-predation’	guppies	partly	compensate	 for	 this	by	evolving	faster	es-




























(1) Trends in locomotor decline during pregnancy











































































































































































































































































































































































































































































































































































































































































































































Secondly,	 invertebrates	are	 severely	underrepresented,	despite	having	 the	
largest	number	of	viviparous	lineages	[4],	being	found	in	all	environments	

















‘self-chosen	 locomotor	 speed’:	 two	 parameters	 that	 represent	 ecologically	
relevant	but	incomparable	aspects	of	aerobic	locomotion.	
c. The use of control groups




to	 the	 stimulus	and	 thus	a	measured	decline	 in	performance	unrelated	 to	
pregnancy.	Comparing	the	performance	decline	between	studies	of	repeat-
ed	measured	is	difficult,	however,	as	 the	used	control	groups	often	differ.	















staging	 the	developing	 embryos	 and	 calculating	 the	 relative	 reproductive	
mass.	Such	an	approach	requires	larger	sample	sizes	than	a	repeated	mea-
sures-approach.	Although	there	is	inherently	nothing	wrong	with	this	study	
































include	multiple	 species	 from	within	 a	 clade	 [170,171].	One	must	 also	 in-
clude	performance	measures	on	control	animals	in	all	species	to	account	for	
between-species	differences	 in	performance	unrelated	 to	pregnancy	 [172].	
Measures	on	kinematics	can	help	standardizing	the	results	for	differences	in	
motivation	[173].
Figure 2-2. Suggested multi-level experimental approach for between-species 
comparison of performance. A population of virgin animals, preferably siblings, 
are split into a virgin control group and a pregnant group. When pregnancy pro-
gresses, multiple performance measurements are taken from pairs of control and 
pregnant animals, until after parturition. Every pregnant female is paired (linked) 
with a control female, as to have equal numbers of equally-spaced measurements 
under equal environmental conditions. The effects of pregnancy within one species 
can be determined from the pregnant versus control comparison, while differences 
between species can be determined from the pregnant versus pregnant compari-





b. Providing biomechanical explanations
To	understand	how	viviparity	affects	locomotor	performance,	and	how	ad-
aptations	can	reduce	 these	effects,	 reporting	differences	 in	performance	 is	
not	enough.	We	must	also	study	the	affected	morphological	and	kinemat-
ic	parameters	 if	we	are	 to	understand	 the	mechanisms	 that	determine	 the	
costs	of	viviparity	and	hence	improve	our	understanding	on	why	this	repro-
ductive	mode	 evolved.	Current	 literature	 largely	 lacks	 this	biomechanical	








make	 it	possible	 to	 execute	 large-scale	performance	and	biomechanics	 re-
search,	 but	 also	 simplify	 the	 acquisition	 of	 large	 datasets.	Morphological	
changes	 can	 be	 recorded	using	minimally	 invasive	modelling	 approaches	
[174].	 Automated	 tracking	 software	 significantly	 shortens	 analysis	 times	
for	high-speed	video	recordings,	allowing	3D	characterization	of	both	per-
formance	and	kinematics	 [175–178].	Lastly,	position	 trackers	have	become	
increasingly	 less	 invasive	and	more	accurate	 [179–181]	and	could	provide	
additional	insights	in	behavioural	adaptations	to	viviparity,	for	instance	ac-
tivity	and	motion	patterns	[181,182].
c. Stability and manoeuvrability
The	effect	of	pregnancy	on	two	other	performance	parameters	has	been	left	
virtually	untouched.	Stability	and	manoeuvrability	are	 linked	parameters:	
stability	 is	 important	 in	 keeping	 position,	 orientation	 and	 torque	 control,	













between	maternal	and	embryonic	 tissue,	 it	 is	 likely	 that	pregnancy	affects	
stability	if	animals	do	not	compensate	for	these	changes	regardless	of	mode	
of	locomotion.	











(3) The broader picture
With	 this	 review,	we	 tried	 to	 answer	 a	 small	part	 of	 a	 large	 evolutionary	
question:	 how	 does	 the	 evolution	 of	 viviparity	 affect	 locomotor	 perfor-


























the	 locomotor	 costs	 of	 pregnancy.	Mechanisms	 of	 cost	 reduction	 include	























studies	 are	necessary	 to	 characterize	 the	 correlated	 costs	 (e.g.	 reduced	 fe-
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Why do placentas evolve?
First evidence for a morphological 

























foetal	 tissues	 for	 physiological	 exchange	 [1],	 evolved	 many	 times	 inde-
pendently	throughout	the	animal	kingdom	(e.g.	 in	 invertebrates,	fish,	am-
phibians,	reptiles	and	mammals;	[2–6]),	including	at	least	eight	times	within	
the	 live-bearing	fish	 family	Poeciliidae	 [7–10].	Despite	 the	 repeated	emer-
gence	of	placentas	among	widely	diverged	animal	lineages,	it	is	still	unclear	

























[32,33]).	 In	 aquatic	 animals	 an	 increase	 in	 abdominal	 volume	may	 locally	








Figure 3-1.Predicted change in fe-
male body volume during pregnan-
cy in lecithotrophic and placental 
live-bearing fish species. (1) the 
placental species (dash-dot line) will 
have a smaller volume during its en-
tire pregnancy than the lecithotrophic 
species (dashed line) and (2) the re-
lationship for the placental species 
will show a steeper slope than for the 
lecithotrophic species, indicating that 
the difference in body volume will 
be greatest at the beginning of the 
pregnancy and gradually diminish to-
wards zero at end of the interbrood 
interval (redrawn after [9]). Similar 
plots could be constructed for frontal 
or wetted surface area. For heuristic 
purposes the temporal patterns are 
assumed linear, because the exact 
shape of the relationship between 




















mance	 hypothesis	 by	 comparing	 body	
shape	 changes	during	gestation	 in	 two	
closely-related	 sister	 species	within	 the	
live-bearing	fish	genus	Poeciliopsis	(Fam-




resources	 necessary	 for	 embryo	 devel-
opment	 to	 the	 eggs	 before	 fertilization	
(lecithotrophic),	while	Poeciliopsis turneri 















cedures	were	 approved	 by	 the	Animal	 Ethics	 Committee	 of	Wageningen	
University	&	Research	(permit	number	2013103).	All	efforts	were	made	to	
minimize	suffering.













virgin	 control)	P. turneri.	Of	 these	246	body	models,	 six	P. turneri	models	
were	omitted	preceding	analysis	because	these	females	were	fed	shortly	be-
fore	imaging.






es),	 synchronized	with	a	 remote	 trigger	 (JinJiaCheng	Photography	Equip-









Figure 3-2. Morphological measurement and 3D model construction. A. Lateral 
and ventral photographs in which the trunk (green), abdomen (orange) and eyes 
(red) are outlined by manually indicated polygons. The longitudinal axis is depicted 
by white lines. B. At 251 equidistant points along the longitudinal axis, the width 
and height of the polygons are converted into ellipse-like cross-sections; in the ab-
dominal area, the vertical position of the horizontal axis is shifted. C. Stitching the 
cross-sections of trunk and eyes results in a 3D model from which volume, wetted 
surface area and frontal surface area (projection at the right) can be calculated. For 








fish	was	defined	by	a	straight	 line	between	 the	most	anterior	point	of	 the	
snout	and	the	most	posterior	part	of	the	caudal	peduncle	(Standard	Length,	
































































γ24	 terms	 represent	 the	added	difference	 for	P. turneri	 for	 intercept,	 linear	
slope	and	covariate	values	respectively;	ζ1i	and	ζ2i	factor	individual	random	
error	 terms.	 ‘Variance	 components’	was	used	 as	 covariance	 structure	 (de-

















Yij	 =  αi+	βi∙Tj	+	εij																	 (Eq.	3-1) 
 
αi =  γ11+	γ12∙Si +	ζ1i															 (Eq.	3-2)	 
 
βi =  (γ21+	γ22∙Si)	+	(γ23	+	γ24∙Si) ∙wi	+	ζ2i														(Eq.	3-3)	
 Results
Type	 3	 tests	 for	 Fixed	Effects	 for	 both	 the	 pregnant	 and	 the	 virgin	MLM	
model	can	be	found	in	Table	3-S3.	All	fixed	effects	in	the	model	were	signifi-
cant,	for	all	measured	morphological	parameters.	






0.0019;	 Figure	 3-3C),	wetted	 surface	 area	 (F1,24.8	 =	 18.17,	p	 =	 0.0003;	 Figure	
3-3D)	and	volume	(F1,24.3	=	12.10,	p	=	0.0019;	Figure	3-3E)	than	females	of	P. 
turneri.	
We	found	that	P. turneri increases	in	body	size	faster	than	females	of	P. grac-













Figure 3-3. Shape parameters of pregnant P. turneri (with placenta) and P. grac-
ilis (without placenta) from N = 122 three-dimensional models. The multi-level 
longitudinal growth models (MLM) indicate changes in normalized maximum width 
(A), maximum height (B), frontal surface area (C), wetted surface area (D) and vol-
ume (E) during one interbrood interval for pregnant P. turneri (red, N = 14) and P. 
gracilis (blue, N = 10). To account for individual variation in body size, one-dimen-
sional parameters (A and B) were normalized by dividing the values by standard 
length (LSL), the surface areas (C and D) by dividing by LSL
2 and volume (E) by divid-
ing by LSL
3. Connected circles represent individual female growth trajectories, solid 
lines are plotted from the MLM estimates for intercept and slope with equal litter wet 
mass (NS = p > 0.05, * = 0.01 < p < 0.05, ** = 0.001 < p < 0.01, *** = p < 0.001). Pro-
















A	key	aspect	of	 this	 study	 is	 that	we	 compare	 two	different	 reproductive	
states	 (pregnant	and	virgin	fish)	 in	 two	closely	related	 ‘sister’	species	 that	
differ	in	the	way	that	they	provision	their	embryos	[7]:	Poeciliopsis gracilis	is	




of	 a	 female	 to	 carry	 simultaneous	 litters	 that	 are	 each	 at	 a	different	 stage	
of	development	[23,36].	Due	to	smaller	litters	per	parturition,	higher	levels	
of	superfetation	could	result	 in	reduced	litter	wet	mass	(Table	3-S4).	Since	


































































We	 studied	only	one	of	 eight	 independent	origins	of	 the	 evolution	of	 the	
placenta	in	the	family	Poeciliidae	[8,10].	To	test	the	generality	of	our	results,	
a	 wider	 comparative	 survey	 is	 required	 that	 includes	 other	 independent	
evolutionary	origins	of	 the	placenta.	Recent	 studies	 in	 the	 family	Poecilii-
dae	have	 revealed	 three	 independent	origins	of	placentation	 in	 the	genus	
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Supporting Material S1. Fish rearing, feeding and husbandry
Study species
Poeciliopsis gracilis	 originated	 from	a	 small	 tributary	of	Rio	Motagua,	near	
the	village	Jones	in	Zacapa	(Guatemala),	and	Poeciliopsis turneri	were	collect-
ed	 in	Rio	Purificacion,	near	Casimiro	Castillo,	 Jalisco	 (Mexico).	These	fish	






markedly	 in	when	and	how	 they	provision	 their	developing	embryos	 [7].	
The	matrotrophy	 index	 (MI),	 a	 dimensionless	 number	defined	 as	 the	dry	
mass	of	the	neonate	at	birth	divided	by	the	dry	mass	of	the	egg	at	fertiliza-
tion,	can	be	used	as	a	proxy	for	the	level	of	post-fertilization	maternal	provi-
sioning:	P. gracilis	has	an	MI	of	0.69	(lecithotrophic)	and	P. turneri an	MI	of	
41.4	(placentotrophic,	[7]).	Both	exhibit	a	moderate	degree	of	superfetation,	
the	presence	of	multiple	broods	that	differ	in	the	developmental	stage	of	the	
embryos	 [24,42],	 the	differences	 in	degree	of	superfetation	are	reflected	 in	
interbrood	interval	(mean	(±	SE)	P. gracilis	18.3	(±	0.26)	days	vs.	P. turneri	11.9	
(±	0.90)	days;	Table	3-S4).	
Fish rearing & pre-experimental husbandry
Breeding	stocks	were	kept	in	40	L	tanks.	From	these	tanks,	new-born	juve-
niles	were	moved	to	other	stock	tanks	based	on	age	cohort	(age	differences	
within	 cohorts	 spanning	 2–4	weeks).	 Sexual	maturity	was	monitored	dai-
ly	and	males	were	removed	when	sexual	characteristics	started	to	develop.	
Female	fish	were	allowed	to	grow	to	a	length	of	approximately	4	cm	(±	4–6	






















Stock	fish	were	 fed	recently	hatched	brine	shrimp	(Artemia nauplii)	 in	 the	









     
   
      
   
   
   
   
  
   
   
   
   




Table 3-S3. Multi-level Modelling output for fixed effects in the pregnant and 
virgin control models, for all measured morphological parameters. LWM: Litter 
wet mass
Type 3 Test  
of Fixed Effects Species Species × Time Species × Time × LWM
Pregnant model
Maximum width F2,21.3 = 11879.6,  p < 0.0001 F2,23.3 = 94.60,  p < 0.0001 F2,19.5 = 10.11,   p = 0.0010
Maximum height F2,21.5 = 12600.0,  p < 0.0001 F2,18.0 = 95.08,  p < 0.0001 F2,17.5 = 9.95, p = 0.001
Frontal surface area F2,21.7 = 3978.58,  p < 0.0001 F2,21.9 = 99.70,  p < 0.0001 F2,19.7 = 12.44,  p = 0.0003
Wetted surface area F2,25.0 = 44623.4,  p < 0.0001 F2,21.4 = 59.97,  p < 0.0001 F2,18.3 = 6.45,    p = 0.0076
Volume F2,24.5 = 8327.83,  p < 0.0001 F2,22.5 = 60.12,  p < 0.0001 F2,18.3 = 7.76,    p = 0.0036
Virgin model 
Maximum width F2,20.9 = 7554.59,  p < 0.0001
Maximum height F2,21.3 = 11952.4,  p < 0.0001
Frontal surface area F2,20.6 = 3620.88,  p < 0.0001
Wetted surface area F2,19.5 = 28014.9,  p < 0.0001
Volume F2,19.3 = 5224.14,  p < 0.0001
Table 3-S4. General and reproductive parameters of the experimental fish used 
in this study.
Mean (± SE)
Species Treatment Nfemale LSL (m) IB Interval (days) Nmodels per individual Litter Wet Mass (g)
P. gracilis Pregnant 10 0.047 (0.001) 18.3 (0.03) 4.9 (0.2) 0.1794 (0.0143)
Virgin 10 0.048 (0.001)
P. turneri Pregnant 14 0.047 (0.001) 11.9 (0.9) 5.6 (0.4) 0.1073 (0.0090)
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Three-dimensional analysis of 
the fast-start escape response of 
















































Over	 the	past	decade,	 the	hypothesized	 roles	 of	 the	different	 stages	have	
gradually	been	changing.	Traditionally,	stage	1	and	stage	2	of	the	fast-start	
have	been	described	as	the	‘preparatory	phase’	and	‘propulsive	phase’,	re-
spectively	 [13].	 Indicative	of	 the	presumed	preparatory	nature	of	 the	first	
stage,	 is	 that	 the	 reorientation	of	 the	head	during	 stage	1	 is	 an	 important	
determinant	for	heading	of	the	escape	during	subsequent	stages	[14],	while	
forward	motion	of	the	head	is	limited.	However,	during	the	C-bend	one	of	






the	 beginning	 of	 stage	 2.	 Physiologically,	 it	 can	 be	 determined	 from	 the	














as	 such,	 fast-starts	 are	 often	 simplified	 as	 a	 two-dimensional	manoeuvre	
with	motions	 parallel	 to	 the	 horizontal	 plane	 [1].	 Recently,	 it	was	 shown	
that	escape	responses	of	larval	zebrafish	(Danio rerio)	contain	a	considerable	
three-dimensional	 component:	 pitch	 angle	 changes	 of	 the	 head	 correlates	
with	changes	in	elevation	[24,25].	In	two	instances,	three-dimensional	fast-
start	manoeuvres	were	 reported	 for	 adult	fish,	namely	 in	knifefish	 (Ptero-




responses	 follows	 from	 recent	 methodological	 developments.	 Within	 the	
field	of	fish	swimming	biomechanics,	high-speed	video	imaging	is	shifting	






descriptions	 remained	anecdotal	 [12,21].	Currently,	 three-dimensional	 im-
aging	and	analysis	is	becoming	the	standard	to	study	swimming	kinematics	
[25,26,28].






















States,	 including	 small	 freshwater	 lakes,	 streams,	 and	marshes	 [31].	New	
born	fish	from	the	same	age	cohort	(2	–	3	weeks)	were	raised	together.	Males	
were	removed	from	these	cohorts	as	soon	as	secondary	sex	characteristics	
started	 to	develop,	 resulting	 in	 all-virgin	 laboratory	populations.	Average	
standard	length	(LSL)	of	the	experimental	animals	(N	=	14)	was:	27.57	±	0.35	

















pancake	 lenses	 (RINGFOTO	GmbH,	 Fürth,	Germany)	 and	Epix	PIXCI	E8	
frame	 grabbers	 (EPIX	 Inc.,	 Buffalo	Grove,	 IL,	United	 States).	A	Quantum	
Composers	 9214	digital	delay	pulse	generator	 (Quantum	Composers	 Inc.,	






















Figure 4-1. Overview of the measurement setup, 3D angles and orientations. 
A: The swimming arena allowed free swimming in all directions. The field of view 
(blue dashes) was located in the centre of the arena, and recorded with three orthog-
onal cameras. The stimulus was given by dropping a weighted in at a fixed location 
in the corner of the tank. B: Definition of the Tait-Bryan angles (pitch, yaw, and roll) 




























Onset of motion & stage transitions
The	transition	between	the	different	stages	of	the	fast-start	was	determined	













determined	 the	beginning	of	 stage	1	of	 the	 fast-start	manoeuvre	 from	 the	
change	in	yaw	angle	of	the	head;	i.e.	the	last	change	of	sign	of	the	derivative	
of	the	yaw	angle	preceding	the	end	of	stage	1.























































































































































































































































































































































































































































































































































































































































































































































































































































Table 4-1. Mixed model outputs for correlations between Tait-Bryan angles 
pitch, yaw and roll of the head and position changes of the centre of mass 
(CoM) in the world coordinate system (azimuth [Azi] and elevation [Elev]) as plot-





Example of a 3D fast-start
The	analysed	fast-start	manoeuvres	of	Heterandria formosa	are	characterized	
by	a	 ‘C-bend’	in	stage	1,	followed	by	forward	propulsion	in	stage	2	and	a	













The	speed	of	 the	snout	 increases	rapidly	after	 the	onset	of	motion	(Figure	
4-3D),	linked	to	the	rotation	and	displacement	of	the	head.	The	speed	of	the	
centre	of	mass	(CoM)	lags,	but	is	already	considerable	at	the	end	of	stage	1	




peak	 4.5	ms	before	 the	 end	of	 stage	 2	 (Figure	 4-3D).	The	 speed	drops	 af-








Single-bend and double-bend fast-starts
The	recorded	fast-start	sequences	could	be	divided	into	two	groups:	starts	















































change	 in	pitch	angle	 in	 stage	1	and	stage	2	 (range	of	pitch	angle	 change	
stage	1:	-43°	–	37°;	stage	2:	-25°	–	43°),	but	the	change	in	roll	angle	of	the	head	
during	 the	 two	 stages	 of	 the	 fast-start	 are	 uncorrelated	 (Table 4-1,	 Figure	
4-6B,C;	range	of	roll	angle	change	stage	1:	-52°	–	45°;	stage	2:	-78°	–	58°).	







Figure 4-2. Overview of a typical three-dimensional fast-start manoeuvre with 
an upwards pitch. A: Raw movie images from the three orthogonally oriented cam-
eras. The top two rows show horizontal views, the third row displays images from 
the bottom view. Images are cropped to capture only the region of motion. B: The 
same frames with an overlay of the body model fit (red) and centreline (green) for 
the respective cameras. C: Three-dimensional body representations for the above 
image frames; centrelines (black) and position of the centre of mass (red dot) are 




Figure 4-3. Kinematic variables from the fast-start manoeuvre displayed in Fig-
ure 4-2. A: the moment of inertia in the yaw plane (Iyaw) during the manoeuvre. The 
negative peaks in Iyaw are used to determine the end of stage 1 (second black dotted 
line) and the end of stage 2 (third black dotted line); hereafter the manoeuvre contin-
ues with a variable stage 3, in this example a glide. The black line represents a cubic 
spline fit of the data (represented by the open circles). A bottom view of the body of 
every second frame is depicted at the top of the figure; displacement of the body is 
not shown. B: Change in yaw angle of the head and body over time. C: Change in 
pitch and roll angles of the head during the fast-start manoeuvre. D: Absolute speed 
measured at the snout and at the centre of mass. E: Velocity split up into horizontal 
and vertical components for the snout (red) and centre of mass (CoM, black) respec-








Escape	 heading	 is	 described	 in	 azimuth	 and	 elevation	 coordinates	 deter-








Figure 4-4. Example of the differences between single-bend (SB) and dou-
ble-bend (DB) fast starts. A: Plots of the in-plane moment of inertia (Iyaw) over time, 
normalized by maximum Iyaw for comparison, for an example of a single-bend fast-
start (left) and a double-bend fast-start (right). B: Curvature plots of the sequences 
corresponding with A. A–B: Dashed vertical lines represent the beginning and end 




Figure 4-5. Displacement, mean speed, mean velocity, and mean acceleration 
during stage 1 and stage 2. A: Displacement of the snout (red) and centre of mass 
(CoM; black) during stage 1 and stage 2 of the fast-start. B: Mean horizontal speed 
of the snout (red) and CoM (black) during stage 1 and stage 2 of the fast-start. C: 
Mean vertical velocity of the snout (red) and centre of mass (black) during stage 1 
and stage 2 of the fast-start. D: Mean acceleration of the CoM during stage 1 and 
stage 2 of the fast start. E: Mean effective acceleration of the CoM during stage 1 
and stage 2 of the fast-start. F: Boxplot of the mean effective acceleration of the CoM 
during stage 1 and stage 2 of the fast-start. Bottom and top edges of the box indicate 
the 25th and 75th percentile of the data respectively; middle line indicates the medi-
an; whiskers indicate ≈ 99 % of the data. Crosses mark individual outlier data points. 
A–E: dotted line represents x=y isoline.
Figure 4-6.Tait-Bryan angle changes during the two stages of the fast-start. 
Mixed model estimates for the correlations are displayed in Table 4-1. A: Yaw-angle 
changes of the head (red) and body (black) show different correlations between 
stage 1 and stage 2. B: Pitch angle change of the head during stage 1 and stage 2. 




Figure 4-7. Relationship between head angle change during the different stag-
es of the fast-start and change in orientation of the body between the onset 
of motion and the end of stage 2. Mixed model estimates for the correlations are 
displayed in Table 4-1; significant correlations are plotted in black, non-significant 
correlations are plotted in grey; p-values are displayed in the bottom-right corners. 
Top two rows: change in azimuth of the body is correlated with changes in yaw angle 
of the head during stage 1, stage 2 and stage 1+2. Change in azimuth is not cor-
related with changes in roll angle of the head. Bottom two rows: change in elevation 
of the body during the fast start is positively correlated with changes in pitch angle of 
the head during stage 2 and stage 1+2, but not with stage 1. Changes in elevation 










three-dimensional	kinematics	are	similar.	Extrapolating,	 it	 is	 likely	 that	 in	
natural	predator-prey	encounters,	prey	fish	vary	escape	orientation	in	both	
horizontal	and	vertical	planes.
Figure 4-8. Correlation between initial orientation of the fish with respect to 
the stimulus, and escape heading at the end of stage 2. Significant correlations 
are plotted in black, non-significant correlations are plotted in grey; p-values are 
displayed in the bottom-right corners. A: Explanation of escape heading; azimuth 
and elevation are 0° when the velocity vector of the centre of mass (CoM) faces the 
stimulus, and (-)180° when it faces directly opposite. B: The azimuth heading at the 
end of the fast-start is not correlated with the orientation of the fish at the onset of 
motion. C: The elevation heading at the end of the fast-start is positively correlated 




Variation in 3D escape orientation and heading
We	 used	 a	 statically	 positioned	 stimulus,	 always	 exciting	 the	 fish	 from	




unrelated	 to	 the	 initial	orientation	of	 the	fish	with	 respect	 to	 the	stimulus	
(Figure	4-8B).	The	elevation	of	the	heading	of	the	fish	at	the	end	of	stage	2	














studies	on	 the	kinematics	of	 fast-start	 responses	 in	adult	fish	have	 largely	
neglected	vertical	escape	directions,	as	the	fast-start	was	considered	a	planar	
motion	 [1].	 This	was	 reflected	 in	 experimental	 designs,	with	 the	 respons-





Is stage 1 a preparatory or a propulsive phase?
Stage	1	of	the	fast-start	manoeuvre	plays	an	important	role	in	the	reorien-





























































manoeuvre	 in	both	 larval	and	adult	fish,	 indicating	that	 the	nature	of	 this	
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the	 bluegill	 sunfish	C-start	 escape	 response:	 three-dimensional	 simu-
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of	 pregnant	 live-bearing	 animals.	 Pregnancy-induced	 body-shape	 chang-
es	are	 thought	 to	negatively	affect	 swimming	performance	 in	 live-bearing	
fish:	 pregnant	 fish	 cannot	 swim	as	 fast	 as	more	 slender	 non-pregnant	 in-
dividuals.	Maintaining	 a	 relatively	 slender	 body	 shape	during	pregnancy	
could	be	advantageous,	as	 it	 reduces	 the	negative	 impact	of	 reproduction	























A	 live-bearing	 mode	 of	 reproduction	 has	 evolved	 over	 100	 times	 inde-
pendently	 in	 vertebrates	 [1].	However,	 the	 evolution	 of	 this	 reproductive	



























idadian	 guppy	 (Poecilia reticulata),	 pregnant	 females	 from	 high-predation	
populations	are	faster	at	the	beginning	of	an	interbrood	interval	(the	period	
between	two	parturition	events),	but	the	difference	between	the	populations	











a	predatory	strike.	Many	of	 these	parameters	are	 linked	 to	 the	swimming	






in	a	2D	 framework,	 in	which	vertical	motion	of	 the	fish	was	 restricted	by	
using	shallow	water	levels	[20,21].	However,	the	natural	environment	of	fish	
is	essentially	3D,	and	both	predator	approaches	and	prey	evasions	may	con-






Two	 (non-exclusive)	 reproductive	modes	 have	 been	 hypothesised	 to	 pro-













between	 early-	 and	 late-stage	 embryos	 in	matrotrophic	 species,	 there	 is	 a	
strong	correlation	between	the	evolution	of	matrotrophy	and	superfetation	
in	Poeciliidae	[23,26].


















Fish keeping & husbandry
We	compared	the	morphology	and	fast-start	performance	during	pregnancy	
of	three	different	species	of	Poeciliidae:	Poeciliopsis turneri	Miller,	1975	(ab-





Figure 5-1. The hypothesised effect of superfetation on morphological param-
eters. A superfetation of 2 (2 simultaneous broods of different developmental stages) 
corresponds roughly with Poeciliopsis turneri, a superfetation of 4 with Heterandria 
formosa and a superfetation of 8 with Phalloptychus januarius. This results in subse-
quently shorter interbrood intervals (the period between parturitions indicated by the 

















































ed	with	 the	direct	 linear	 transformation	algorithm	(DLT,	method	by	 [39]),	
synchronized	with	a	Quantum	Composers	9214	digital	delay	pulse	genera-
tor	(Quantum	Composers	Inc.,	Bozeman,	MT,	United	States)	and	equipped	














scaling	 at	 the	 location	of	 the	fish.	Movement	of	 the	fish	was	 limited	by	 a	
displaceable	wall	and	shallow	water	depth,	but	care	was	taken	that	the	fish	
did	not	 touch	 the	walls.	 Simultaneous	pictures	were	 taken	with	 three	 or-
thogonally-placed	Nikon	D3200	DSLR	cameras	(Nikon,	Tokyo,	Japan;	sensor	




Data analysis and statistical analysis
In	total,	we	recorded	high-speed	video	sequences	of	814	fast-start	manoeu-












































of	 the	fish	 in	 the	yaw	plane)	was	 included	as	a	 random	effect	 in	all	mod-
els.	The	pitch	angle	at	the	onset	of	motion	(the	orientation	of	the	fish	in	the	
pitch	plane)	was	included	as	a	random	effect	in	the	models	for	pitch	change.	








Pregnancy and 3D morphology
The	 interbrood	 interval	 length,	 an	 indication	 of	 the	 level	 of	 superfetation	
[23,37,38],	differed	between	the	three	species.	Poeciliopsis turneri	had	the	lon-
gest	interbrood	interval	(mean	±	SE:	9.0	±	0.8	days),	followed	by	Heterandria 
formosa	 (5.0	 ±	 0.6	 days)	 and	Phalloptychus januarius	 (2.3	 ±	 0.3	 days).	Mean	
interval	differed	significantly	between	P. turneri	and	H. formosa	(two-sample	
t-test,	t32:	4.1669,	p	=	0.0002),	P. turneri and	P. januarius (t33:	9.6468,	p <	0.0001),	
and	between	H. formosa and	P. januarius (t39:	4.0229,	p	=	0.0003).	
Figure 5-2. The effect of pregnancy on normalized volume. A: Raw data of 
normalized volume changes over time for Poeciliopsis turneri (orange), Heteran-
dria formosa (red) and Phalloptychus januarius (purple). B: (left) Representation of 
mixed model estimates with fixed mean interbrood intervals for each species (co-
lours consistent with A), pregnant (thick lines) and virgin (thin lines). (middle) Differ-
ence between pregnant and virgin fish of each species. (right) Normalized volume 
change estimates for each species. Exact values and statistical significance from the 











(Figure	 5-3D),	 and	 abdominal	 width	 (Figure	 5-3E).	 All	 parameters	 show	
almost	no	 change	 in	P. januarius,	 the	 species	with	 the	most	 superfetation.	
Growth	rates	are	similar	in	H. formosa and	P. turneri,	but	the	morphological	
fluctuations	are	smaller	in	the	former	species	due	to	the	shorter	interbrood	
interval	 (Table 5-1	&	Table 5-2).	No	significant	morphological	changes	are	




SE:	0.136	±	0.015	g),	followed	by	H. formosa	(0.045	±	0.014	g),	and	P. januarius 
(0.009	±	0.001	g).	Differences	in	litter	wet	mass	between	species	were	signifi-
cant	(P. turneri	vs.	H. formosa,	two-sample	t-test,	t32:	4.2323,	p	=	0.0002;	P. turn-
Figure 5-3. The effect of pregnancy on morphology. A: Three-dimensional body 
models, oblique view (top) and frontal projection (bottom). Normalized morphological 
change estimates for each species for wetted surface area (B), frontal surface area 
(C), maximum height (D), width in the abdomen (E) and standard length (F). Colours 
indicate Poeciliopsis turneri (orange), Heterandria formosa (red) and Phalloptychus 
januarius (purple). Exact values and statistical significance from the multi-level mixed 




eri vs.	P. januarius,	t33:	10.1258,	p	<	0.0001;	H. formosa	vs.	P. januarius,	t39:	2.5159,	
p	=	0.0161),	but	standardization	for	LSL	(by	dividing	by	LSL3)	removed	the	dif-
ferences	between	P. turneri and	H. formosa (P. turneri:	mean	±	SE:	1.387∙10-3 
±	1.747∙10-4;	H. formosa:	mean	±	SE:	2.520∙10-3 ±	9.037∙10-4;	P. januarius:	mean	
±	SE:	4.231∙10-4	±	5.056∙10-5;	difference	P. turneri vs.	H. formosa,	 two-sample	
t-test,	t32:	-1.0349,	p	=	0.3085;	difference	P. turneri	vs.	P. januarius,	t33:	6.2339,	p 
<	0.0001;	difference	H. formosa	vs.	P. januarius,	t39:	2.3751,	p	=	0.0226).





Figure 5-4. Explanatory figure showing how curvature changes during a fast-
start, and how curvature in the abdomen relates to the increase in abdominal 
width. A: Normalized curvature plot of the body of the fish over time, for a typical 
fast-start manoeuvre of fish. The beginning of motion (set at Time = 0) and the ends 
of the two stages of the fast-start, named end 1 and end 2 respectively, are indicated 
by thick black lines. In the statistical models, curvature in the abdomen and caudal 
peduncle are measured at fixed points along the fish (grey arrows, dashed lines). B: 
Graphical representation of the fixed effect estimates of a mixed model. The surface 
plot indicates that for increasing abdominal width and equal curvature in the caudal 
peduncle, the curvature in the abdomen at the end of stage 1 decreases (black dot 
to white open circle); or that for increasing abdominal width and equal curvature in 
the abdomen, the curvature of the caudal peduncle at the end of stage 1 increases 




Figure 5-5.The effect of morphology on body curvature. A: The relationship be-
tween width of the abdomen, curvature in the caudal peduncle at the end of stage 
1, and curvature in the abdomen at the end of stage 1 for each species. B: The 
relationship between width of the abdomen, curvature in the caudal peduncle at the 
end of stage 2, and curvature in the abdomen at the end of stage 2 for each species. 
Exact values and statistical significance from the multi-level mixed modelling output 
can be found in Table 5-3 & Table 5-4. N.S.: p > 0.05, *: 0.05 > p > 0.01, **: 0.01 > p 




Figure 5-6. The effect of morphology on fast-start re-orientation. A: The rela-
tionship between width of the abdomen, curvature in the caudal peduncle at the end 
of stage 1, and the change in yaw angle of the head between the onset of motion 
and the end of stage 1 (left) and between the onset of motion and the end of stage 
2 (right), for all species pooled. B: The relationship between width of the abdomen, 
curvature in the caudal peduncle at the end of stage 1, and the change in pitch angle 
of the head between the onset of motion and the end of stage 1 (left) and between 
the onset of motion and the end of stage 2 (right), for all species pooled. Exact 
values and statistical significance from the multi-level mixed modelling output can 
be found in Table 5-3 & Table 5-5. N.S.: p > 0.05, *: 0.05 > p > 0.01, **: 0.01 > p > 




Figure 5-7. The effect of morphology on maximum speed for each of the three 
species. A: The relationship between width of the abdomen, maximum curvature 
rate in the caudal peduncle in stage 2, and maximum speed in the horizontal plane. 
B: The relationship between width of the abdomen, maximum curvature rate in the 
caudal peduncle in stage 2, and maximum vertical velocity. Exact values and statisti-
cal significance from the multi-level mixed modelling output can be found in Table 5-3 




Figure 5-8. The effect of morphology on curvature rate for each of the three 
species. A: The relationship between width of the abdomen, maximum curvature 
rate in the caudal peduncle in stage 1, and maximum curvature rate in the abdomen 
in stage 1. B: The relationship between width of the abdomen, maximum curvature 
rate in the caudal peduncle in stage 2, and maximum curvature rate in the abdomen 
in stage 2. Exact values and statistical significance from the multi-level mixed mod-
elling output can be found in Table 5-3 & Table 5-4. N.S.: p > 0.05, *: 0.05 > p > 0.01, 



















Pregnancy and 3D fast-start performance
The	relationship	between	morphology	and	 fast-start	performance	differed	
between	species	(Table 5-3	&	Table 5-4;	Figure	5-7	&	Figure	5-8):	in	P. turn-
eri,	abdominal	width	did	not	correlate	with	any	of	the	performance	param-
eters	(maximal	speed	in	horizontal	and	vertical	planes,	maximum	curvature	




























Despite	 the	 reduced	 amplitude	 of	 morphological	 changes,	 superfetation	
does	not	by	definition	lead	to	a	more	slender	body	shape.	Pregnant	females	




to	P. turneri,	despite	significantly	shorter	interbrood	intervals	(difference	p = 





Does pregnancy reduce three-dimensional fast-start performance?
Pregnancy	causes	a	decline	in	fast-start	performance	in	live-bearing	fish,	but	























of	either	or	both	of	 the	pectoral	fins.	Due	 to	 limitations	 in	 lighting	condi-
tions,	resolution	and	framerate	in	our	setup,	we	were	however	not	able	to	
track	changes	in	fin	position	from	the	present	dataset.	Fin-controlled	steer-
ing	makes	 it	 less	 likely	 that	 the	ability	 to	 change	orientation	 in	pitch	and	
roll	is	affected	by	pregnancy	(compared	to	the	ability	to	change	orientation	
in	 the	yaw	direction,	which	 is	heavily	affected	by	 the	ability	 to	 curve	 the	
abdomen).	However,	there	are	a	few	ways	through	which	pregnancy	could	
influence	the	orientation	change	in	pitch	(and	perhaps	also	roll)	during	the	














stimulus:	 large	 curvatures	or	high	 curvature	 rates	 in	 the	 caudal	peduncle	
arguably	 indicate	 a	 stronger	 response	 of	 the	 subject	 to	 swim	 and/or	 turn	















Is superfetation an adaptation that improves fast-start performance?
Our	data	 reveals	 a	 strong	negative	 effect	 of	 abdominal	width	 increase	on	
fast-start	performance,	 at	 least	 in	 the	horizontal	plane.	This	 indicates	 that	












investment	 between	 species,	 i.e.	 specifically	 the	 higher	 reproductive	 allo-
cation	 in	H. formosa,	 the	 effects	of	 level	of	 superfetation	and	 reproductive	
investment	are	heavily	 intertwined	 in	our	dataset.	Therefore,	 a	direct	 test	
















reduced	 the	 energetic	 requirements	of	navigating	 in	 fast-flowing	 streams.	
However,	 this	 trend	was	not	detected	in	populations	of	Poeciliopsis gracilis 
and	Poeciliopsis infans	 that	 inhabited	streams	with	different	flow	velocities	































an	 important	parameter	 in	 the	survival	of	an	 individual	 [4].	Reducing	the	





something	 superfetation	 is	 hypothesised	 to	 bring	 [23,24].	 Here,	 we	 have	




















































Table 5-1. Multi-level modelling output of fixed effects of the mixed linear 
growth models for body morphology changes.
Type 3 Test of 
Fixed Effects Species Species × Time Species × Parturition
Pregnant fish
Volume F3,45 = 1243.3,    p < .0001 F3,262 = 30.4, p < .0001 F3,267 = 69.4,   p < .0001
Wetted Area F3,44.4 = 7191.7,  p < .0001 F3,261 = 29.3, p < .0001 F3,266 = 68.3,   p < .0001
Frontal Area F3,45.3 = 549.1,    p < .0001 F3,263 = 47.6, p < .0001 F3,269 = 100.1, p < .0001
Maximum Height F3,45.3 = 3653.8,  p < .0001 F3,263 = 44.6, p < .0001 F3,268 = 106.8, p < .0001
Abdominal Width F3,46.5 = 1583.2,  p < .0001 F3,265 = 44.9, p < .0001 F3,271 = 95.2,   p < .0001
Caudal Peduncle Width F3,56.6 = 3448.2,  p < .0001 F3,275 = 2.1,   p = 0.1075 F3,281 = 1.1,     p = 0.3537
Standard Length (LSL) F3,40.5 = 2912.7,  p < .0001 F3,254 = 0.6,   p = 0.5907 F3,256 = 1.5,     p = 0.2050
Virgin fish
Volume F3,45.7 = 2395.9,   p < .0001 F3,251 = 4.2,   p = 0.0067
Wetted Area F3,44.5 = 11437.3, p < .0001 F3,225 = 4.3,   p = 0.0057
Frontal Area F3,44.4 = 2143.1,   p < .0001 F3,251 = 10.0, p < .0001
Maximum Height F3,41.3 = 8079.4,   p < .0001 F3,250 = 27.0, p < .0001
Abdominal Width F3,45.9 = 4608.8,   p < .0001 F3,251 = 10.9, p < .0001
Caudal Peduncle Width F3,62.7 = 2634.0,   p < .0001 F3,257 = 0.4,   p = 0.7744




Table 5-2. Multi-level modelling estimates of fixed effects of the mixed linear 
growth models for changes in body morphology. α: intercept, β: slope of abdom-
inal width, γ: slope of curvature correlate, Pt: Poeciliopsis turneri, Hf: Heterandria 
formosa, Pj: Phalloptychus januarius. Table continuous on the next page.
Type 3 Test of 
Fixed Effects Species × Time Species × Time Species × Parturition
Pregnant fish
Volume
Pt α: 0.018, t45.5: 31.6, p <.0001 β: 1.88e
-4, t252: 7.2, p <.0001 γ:-2.75e
-3, t254:-10.1, p < .0001
Hf α: 0.021, t43.2: 37.4, p <.0001 β: 2.30e
-4, t260: 6.3, p <.0001 γ:-1.66e
-3, t263:-9.8, p < .0001
Pj α: 0.021, t46.5: 36.5, p <.0001 β: -2e
-5, t274:-0.3, p = 0.7762 γ:-7.2e
-4, t283:-3.2, p = 0.0017
Wetted Area
Pt α: 0.485, t44.8: 81.4, p <.0001 β: 1.87e
-3, t252: 7.4, p < .0001 γ:-2.74e
-2, t254:-10.5, p < .0001
Hf α: 0.510, t42.8: 86.5, p <.0001 β: 2.03e
-4, t259: 5.8, p < .0001 γ:-1.52e
-2, t263:-9.3, p < .0001
Pj α: 0.518, t45.6: 86.4, p <.0001 β:-3.6e
-4, t272:-0.4, p = 0.7762 γ:-6.8e
-3, t283:-3.1, p = 0.0023
Frontal Area
Pt α: 0.035, t45.8: 19.0, p <.0001 β: 7.49e
-4, t252: 8.7, p < .0001 γ:-1.06e
-2, t254:-12.0, p < .0001
Hf α: 0.046, t43.2: 25.7, p <.0001 β: 9.78e
-4, t261: 8.2, p < .0001 γ:-6.58e
-3, t264:-11.9, p < .0001
Pj α: 0.046, t46.9: 25.0, p <.0001 β: 1.38e
-4, t276:0.5, p = 0.6171 γ:-3.07e
-3, t285:-4.1, p < .0001
Maximum 
Height
Pt α: 0.253, t45.9: 55.3, p <.0001 β: 1.95e
-3, t252: 9.1, p < .0001 γ:-2.96e
-2, t254:-13.5, p < .0001
Hf α: 0.281, t43.4: 62.5, p <.0001 β: 2.01e
-3, t261: 7.0, p < .0001 γ:-1.52e
-2, t264:-11.1, p < .0001
Pj α: 0.290, t46.9: 63.2, p <.0001 β: 5.65e
-4, t275:0.8, p = 0.4066 γ:-7.16e
-3, t284:-3.9, p = 0.0001
Abdominal 
Width
Pt α: 0.178, t47.2: 35.9, p <.0001 β: 2.24e
-3, t252: 8.7, p < .0001 γ:-3.26e
-2, t254:-12.3, p < .0001
Hf α: 0.212, t44: 43.4,   p <.0001 β: 2.75e
-3, t263: 7.7, p < .0001 γ:-1.81e
-2, t267:-11.0, p < .0001
Pj α: 0.199, t48.5: 39.8, p <.0001 β: 3.9e
-6, t279:-0.0, p = 0.9962 γ:-8.32e
-3, t288:-3.8, p = 0.0002
Caudal Pedun-
cle Width
Pt α: 0.085, t58.4: 56.0, p <.0001 β: -1.7e
-4, t253: -1.5, p = 0.128 γ: 1.89e
-3, t259: 1.7, p = 0.0928
Hf α: 0.093, t50.7: 63.2, p <.0001 β:-1.3e
-4, t275:-0.9, p = 0.3721 γ:-5.61e
-7, t281:-0.0, p = 0.9994
Pj α: 0.087, t61.5: 56.7, p <.0001 β:-5.8e
-4, t290:-1.7, p = 0.0834 γ: 5.76e
-4, t278: 0.7, p = 0.5148
Standard 
Length (LSL)
Pt α: 0.046, t40.6: 71.8, p <.0001 β: 1.5e
-5, t251: 1.0, p = 0.3238 γ: -3.2e
-4, t252: -2.1, p = 0.0354
Hf α: 0.026, t40.1: 40.7, p <.0001 β: -2e
-5, t253: -0.9, p = 0.3856 γ: 3.0e
-5, t254: 0.3, p = 0.7562
Pj α: 0.028, t40.8: 43.8, p <.0001 β: 2.1e
-5, t258: 0.4, p = 0.6687 γ: -3e




Type 3 Test of 
Fixed Effects Species × Time Species × Time Species × Parturition
Virgin fish
Volume
Pt α: 0.017, t46: 47.0,   p <.0001 β: -2e
-5, t251: -1.4, p = 0.1668
Hf α: 0.017, t43.6: 47.2, p <.0001 β: -1e
-5, t254: -0.7, p = 0.5047
Pj α: 0.020, t47.7: 52.5, p <.0001 β: -1e
-4, t249: -3.2, p = 0.0017
Wetted Area
Pt α: 0.475, t44.7: 105,  p <.0001 β: -2e
-4, t250: -1.3, p = 0.1964
Hf α: 0.465, t42.7: 104,  p <.0001 β: -1e
-4, t253: -0.6, p = 0.5712
Pj α: 0.504, t46.1: 111,   p <.0001 β: -1e
-3, t249: -3.3, p = 0.0011
Frontal Area
Pt α: 0.030, t44.6: 41.6, p <.0001 β: -6e
-5, t250: -2.6, p = 0.0112
Hf α: 0.032, t42.7: 44.3, p <.0001 β: -8e
-5, t253: -2.6, p = 0.0109
Pj α: 0.038, t46: 52.2,  p <.0001 β: -3e
-4, t249: -4.1, p < .0001
Maximum 
Height
Pt α: 0.238, t41.4: 85.8, p <.0001 β: -3e
-4, t250: -5.1, p < .0001
Hf α: 0.235, t40.6: 85.5, p <.0001 β: -2e
-4, t251: -3.0, p = 0.0031
Pj α: 0.272, t42: 97.8,   p <.0001 β: -1e
-3, t249: -6.8, p < .0001
Abdominal 
Width
Pt α: 0.162, t46.2: 65.9, p <.0001 β: -3e
-4, t251: -3.2, p = 0.0014
Hf α: 0.171, t43.7: 70.3, p <.0001 β: -3e
-4, t254: -2.3, p = 0.0227
Pj α: 0.167, t47.9: 67.4, p <.0001 β: -9e
-4, t249: -4.1, p < .0001
Caudal Pedun-
cle Width
Pt α: 0.086, t64: 44.5,   p <.0001 β: 4e
-5, t256: 0.4,   p = 0.6728
Hf α: 0.091, t55.2: 54.2, p <.0001 β: 2e
-5, t264: 0.1,   p = 0.8993
Pj α: 0.090, t70.6: 50.2, p <.0001 β: -2e
-4, t250: -1.0, p = 0.3394
Standard 
Length (LSL)
Pt α: 0.048, t39.9: 51.4, p <.0001 β: -1e
-5, t249: -1.2, p = 0.2490
Hf α: 0.028, t39.6: 29.7, p <.0001 β: -7e
-6, t250: -0.5, p = 0.6554
Pj α: 0.030, t40.1: 32.5, p <.0001 β: 1e
-6, t249: 0.05, p = 0.9612




Table 5-3.Multi-level modelling output of fixed effects of the mixed linear 
growth models for fast-start performance and kinematics. Abd: abdomen.
Type 3 Test  
of Fixed Effects Species Species × Widthabdomen Species × Curvature correlate*
vmax, xy F3,133 = 24.40, p < .0001 F3,126 = 12.59, p < .0001 F3,404 = 149.41, p < .0001 
(1)
vmax, z F3,79.4 = 4.74, p = 0.0043 F3,47.5 = 2.73,  p = 0.0541 F3,394 = 48.18,   p < .0001 
(1)
Max curvature rateStage 1, abd. F3,181 = 30.14, p < .0001 F3,103 = 9.47,   p < .0001 F3,549 = 247.77, p < .0001 
(2)
Max curvature rateStage 2, abd. F3,152 = 39.69, p < .0001 F3,105 = 13.41, p < .0001 F3,358 = 119.17, p < .0001 
(1)
CurvatureStage 1, abdomen F3,179 = 5.97,  p = 0.0007 F3,114 = 19.99, p < .0001 F3,815 = 336.46, p < .0001 
(3)
CurvatureStage 2, abdomen F3,115 = 29.40, p < .0001 F3,86.3 = 10.38, p < .0001 F3,455 = 7.79,     p < .0001 
(4)
Yaw changeStage 1 F1,285 = 102.39, p < .0001 F1,596 = 746.44, p < .0001
 (3)
Yaw changeStage 1 + 2 F1,489 = 8.44,   p = 0.0038 F1,349 = 111.77, p < .0001 
(3)
Pitch changeStage 1 F1,355 = 0.18,   p = 0.6686 F1,617 = 0.60,p = 0.4400   
 (3)
Pitch changeStage 1 + 2 F1,399 = 3.05,   p = 0.081 F1,272 = 4.12,p = 0.0435   
 (3)
* Curvature correlates: (1) maximum curvature rate during stage 2 in the caudal peduncle; (2) maximum cur-
vature rate during stage 1 in the caudal peduncle; (3) curvature at the end of stage 1 in the caudal peduncle; 




Table 5-4. Multi-level modelling estimates of fixed effects of the mixed linear 
growth models for fast-start performance and kinematics. α: intercept, β: slope 
of abdominal width, γ: slope of curvature correlate, Pt: Poeciliopsis turneri, Hf: Het-
erandria formosa, Pj: Phalloptychus januarius.
Type 3 Test of 
Fixed Effects Species Species × Widthabdomen
Species × Curvature cor-
relate*
vmax,xy
Pt α: 11.97, t124: 3.0, p = 0.0038 β: -40.0, t139:-1.7, p = 0.0884 γ: 2.3e
-2, t325: 11.8, p < .0001 
(1)
Hf α: 24.78, t106: 6.1, p < .0001 β: -98.7, t101:-4.8, p < .0001 γ: 2.7e
-2, t347: 13.8, p < .0001 
(1)
Pj α: 26.31, t163: 5.2, p < .0001 β: -92.0, t128:-3.4, p = 0.0009 γ: 3.0e
-2, t594: 11.0, p < .0001 
(1)
vmax,z
Pt α: 1.15, t124: 0.3, p = 0.7904 β: -6.44, t84.3:-0.3, p = 0.7967 γ: 1.5e-2, t309: 7.8, p < .0001 
(1)
Hf α: 12.94, t42.3: 3.1, p = 0.0037 β: -46.58, t25.9:-2.2, p = 0.0382 γ: 1.3e-2, t350: 6.5, p < .0001 
(1)




Pt α: 400.7, t339: 5.8, p < .0001 β: -729.5, t248:-1.9, p = 0.0541 γ: 0.20, t810: 6.0, p < .0001    
(2)
Hf α: 413.3, t84.9: 7.4, p < .0001 β: -1392.8, t45.7:-5.0, p < .0001 γ: 0.51, t363: 24.0, p < .0001  
(2)




Pt α: 250.9, t176: 3.9, p = 0.0002 β: -514.6, t150:-1.4, p = 0.1689 γ: 0.31, t287: 10.8, p < .0001  
(1)
Hf α: 497.4, t98.3: 8.0, p < .0001 β: -1653.1, t66.8:-5.3, p < .0001 γ: 0.42, t335: 14.1, p < .0001  
(1)




Pt α: 0.73, t507: 1.8, p = 0.0774 β: -8.47, t283: -3.8, p = 0.0002 γ: 0.66, t839: 17.0, p < .0001  
(3)
Hf α: 1.06, t96.1: 3.0, p = 0.0034 β: -10.76, t58.9: -6.0, p < .0001 γ: 0.73, t538: 24.6, p < .0001  
(3)





Pt α: 1.61, t142: 4.7, p < .0001 β: -5.92, t132: -3.0, p = 0.0034 γ: 0.16, t340: 4.2, p < .0001
(4)
Hf α: 1.71, t61.5: 5.9, p < .0001 β: -4.45, t44.9: -3.0, p = 0.0046 γ: 0.09, t452: 2.1, p = 0.0359
(4)
Pj α: 2.17, t187: 5.6, p < .0001 β: -7.27, t122: -3.7, p = 0.0004 γ: 0.06, t625: 1.1, p = 0.2890
(4)
* Curvature correlates: (1) maximum curvature rate during stage 2 in the caudal peduncle; (2) maximum cur-
vature rate during stage 1 in the caudal peduncle; (3) curvature at the end of stage 1 in the caudal peduncle; 




Table 5-5. Multi-level modelling estimates of fixed effects of the mixed linear 
growth models for changes in yaw and pitch during stage 1 and stage 1 + 2. β: 
slope of abdominal width, γ: slope of curvature correlate. 
Type 3 Test of Fixed Effects Widthabdomen CurvatureStage 1,peduncle
Yaw changeStage 1 β: -4.24, t285: -10.1, p < .0001 γ: 0.49, t596: 27.3, p < .0001
Yaw changeStage 2 β: -2.47, t489: -2.9, p = 0.0038 γ: 0.39, t349: 10.6, p < .0001
Pitch changeStage1 β: -3.19, t355: -0.4, p = 0.6686 γ: -0.26, t617: -0.8, p = 0.4400
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Viviparity	has	 evolved	many	 times	 independently	 throughout	 the	 animal	
kingdom,	in	both	vertebrate	and	invertebrate	animals,	 in	predators	and	in	
prey,	and	in	sedentary,	swimming,	walking	and	flying	animals	[1,2,	Chap-















their	 own:	 I	will	 discuss	 (iv)	 the	 interaction	 between	 behaviour	 and	 per-
formance	 in	 relation	 to	 our	 experimental	 setup,	 and	 (v)	 the	difficulties	 of	
cross-disciplinary	research.	With	 the	 lessons	 learned	from	these	 latter	 two	
paragraphs,	I	will	(vi)	provide	an	outlook	for	future	research.	































comparative	work	on	 the	 effects	of	gestation	 in	 species	with	 and	without	
matrotrophy	(like	I	present	for	Poeciliid	fishes	in	Chapter 3)	is,	to	my	knowl-
edge,	currently	non-existent.






pect.	Matrotrophy	 could,	 however,	 provide	 an	 adaptive	 benefit	 in	 certain	
insects,	 for	 instance	 in	viviparous	Blattodea	 (cockroaches)	 [9]	and	Diptera	















Caudata	 and	Gymnophiona.	 The	 former	 group	use	 a	 form	of	 undulatory	







In	 reptiles,	 viviparity	 has	 evolved	 over	 115	 times	 independently	 [18],	 yet	
matrotrophy	 evolved	 independently	 only	 in	 six	 clades	 of	 Scincid	 lizards	
[1,18,19].	As	 a	 consequence,	 research	 in	 the	 Squamate	 clade	 (lizards	 and	
snakes)	focused	on	the	evolution	of	viviparity,	and	not	on	the	evolution	of	
viviparity-associated	reproductive	traits.	Only	four	of	the	six	evolutionary	





































population	 (no	predation	MI:	 2.5,	 low-predation	MI:	 3.5,	 and	high-preda-
tion	MI:	 4.0)	 and	 the	 relative	 occurrence	 of	 superfetation,	 here	 the	 pres-






live-bearing	 fishes	 [28,29].	 Because	 early-stage	 matrotrophic	 embryos	 are	
smaller	than	those	of	 lecithotrophic	species,	and	superfetation	reduces	the	
number	of	 late-stage	embryos	present	at	any	 time,	 the	maximum	number	
of	offspring	that	could	possibly	fit	the	abdominal	cavity	is	higher	with	these	








Morphology	 is	affected	by	pregnancy	 in	a	 temporal	manner:	pregnant	 fe-
males	have	similar	 (abdominal)	 sizes	as	virgin	conspecifics	or	are	 slightly	
larger	depending	on	 the	 levels	 of	matrotrophy	and	 superfetation,	 but	 the	
difference	in	morphology	between	pregnant	and	virgin	fish	increases	when	
pregnancy	 progresses	 [Chapter 3,5].	 A	 similar	 temporal	 pattern	 is	 to	 be	
expected	 for	 resource	 allocation	 and	metabolism:	 early	 stage	 embryos	 re-














tions	 to	 the	 life	history	of	an	animal.	From	the	first	category,	 ‘adaptations	
























eel Synbranchus marmoratus	and	the	Atlantic	needlefish	Strongylura marina),	
while	strong	asymmetry	between	left	and	right	ovaries	was	observed	in	the	

























Behavioural	 responses	 could	 also	 include	 changes	 in	 the	 ‘fight,	 flight	 or	





































the	 importance	 of,	 for	 instance,	 life	 history	 traits,	 behaviour	 and	 external	
selective	agents	[54–57].	In	our	review	of	the	effect	of	pregnancy	on	perfor-





scure	 the	effect	of	morphology	on	performance.	 In	virgin	Poeciliopsis turn-
eri,	for	instance,	there	was	a	strong	negative	effect	of	time	on	performance:	
in	subsequent	days,	the	population	of	experimental	animals	performed	less	
well.	 Because	 the	morphology	 of	 these	 virgins	 hardly	 changes	 over	 time	
[Chapter 3,5],	 the	basis	 for	 this	performance	decline	must	be	behavioural:	
the	fish	got	habituated	to	the	stimulus.	Habituation	to	the	stimulus	was	one	
of	 the	main	 reasons	 for	 taking	 the	virgin	 control	fish	along	 in	 the	 experi-
ments	[Chapter 2].	However,	when	habituation	in	the	virgin	control	group	
leads	to	a	decline	similar	to,	or	sometimes	even	larger	than,	the	decline	in	the	












The	 likely	 cause	 for	 this	 large	variation	 is	 the	 complexity	of	our	 fast-start	
setup	(three	dimensional	measurements	against	two-dimensional	measure-
ments	 and	much	 simpler	 analysis	 in	 the	 aforementioned	 studies)	 and	 the	
minimal	available	space	for	a	strong	stimulus.	Together	with	my	colleague	
Elsa	Quicazan-Rubio,	 I	 tested	 a	 range	 of	 different	 stimuli	 that	 elicit	 both	
a	strong	response	and	are	repeatable	 in	strength	over	 time.	Especially	 the	
first	factor,	stimulus	strength,	was	difficult	to	achieve.	The	swimming	arena	



































large	 scale	behavioural	 experiment	 should	be	performed.	 It	 could	also	be	
that	pregnant	fish	are	 less	 likely	 to	“give	up”	when	swimming	upstream.	
Behaviour	 and	motivation	play	 an	 important	 and	 often	undervalued	 role	
in	performance	measurements,	however,	it	is	difficult	to	standardize	these	
between	treatment	groups	[66].	We	attempted	to	standardize	for	behaviour	
by	 correlating	performance	with	kinematic	parameters,	 i.e.	 curvature	 and	
curvature	rate	in	the	analysis	of	fast-start	performance	[Chapter 5].
For	our	performance	experiments,	we	have	used	laboratory-raised	animals	














The drawbacks of the applied cross-disciplinary research
With	this	thesis,	I	tried	to	answer	evolutionary	questions	with	state-of-the-
art	biomechanical	methods.	Although	 I	 am	convinced	 that	 in	 essence	 this	
is	a	good	way	to	find	answers	in	a	scientifically	solid	way,	the	combination	
of	 two	unrelated	fields	can	create	tensions.	One	example	where	these	two	


















question	was	 the	main	goal	of	 this	 thesis,	we	compromised	a	 little	on	 the	
biomechanical	details:	although	this	partially	reduced	our	ability	to	explain	
how	fast	starts	work	in	three-dimensional	space	(and	how	pregnancy	influ-






tion?	 I	 think	 that,	 in	 line	with	 the	results	 from	Chapter 4,5,	 the	answer	 to	
this	question	is	no:	we	have	shown	that	fast-start	manoeuvres	have	a	large	
three-dimensional	 component	and	 restricting	 these	manoeuvres	 to	a	hori-










This	finding	 could	have	 implications	 for	 the	 escape	 tactics	 (e.g.	more	up-
wards	or	downwards	oriented	 responses)	pregnant	fish	employ	 to	escape	















































sional	 fast-start	manoeuvre,	 and	how	fish	 can	 create	 changes	 in	 elevation	


















could	generate	 less	 force	 [Chapter 5].	Whether	 the	number	of	 sarcomeres	
and	other	muscle	properties	change	during	pregnancy,	is	not	known.	Molec-
ular	muscle	properties	are	known	to	change	over	relatively	short	intervals	
























From	an	evolutionary	biology	perspective,	 it	will	be	 important	 to	 supple-
ment	 the	 experiments	 performed	 in	 this	 thesis	 [Chapter 3–5]	 with	 data	






















































era	 Dermogenys	 and	 Nomorhamphus	 (Teleostei	:	 Hemiramphidae	:	
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79.		 Plaut	 I.	 Does	 pregnancy	 affect	 swimming	 performance	 of	 female	



















































is	 important	 for	 individual	 survival.	 In	Chapter 4,	we	use	 state-of-the-art	





























fetation	 affect	 how	 body	 shape	 changes	 due	 to	 pregnancy,	 but	 whether	





















































van	de	 zwangerschap,	maar	 dat	 deze	 verschillen	 in	 lichaamsvorm	 tussen	




















tandkarpers:	Poeciliopsis turneri,	Heterandria formosa en Phalloptychus janua-
rius.	In	Hoofdstuk 5	laten	we	zien	dat	veranderingen	in	de	breedte	van	de	
buik,	 veroorzaakt	 door	 zwangerschap,	 gecorreleerd	 zijn	 aan	 verminderde	
‘fast-start’	prestatie	in	het	horizontale	vlak	(maximale	horizontale	snelheid,	
verandering	 in	 ‘yaw’-hoek),	maar	minder	 in	 het	 verticale	 vlak	 (maximale	
verticale	snelheid,	verandering	 in	 ‘pitch’-hoek).	We	laten	ook	zien	dat	een	
toename	in	breedte	van	de	buik	is	gecorreleerd	met	een	afname	van	de	be-












van	vissen	veroorzaakt,	hetgeen	 leidt	 tot	verminderde	prestatie	 tijdens	de	
‘fast	start’.	Zowel	matrotrofie	als	superfoetatie	beïnvloeden	de	veranderin-
gen	 in	 lichaamsvorm	 tijdens	de	 zwangerschap,	maar	of	 superfoetatie	 ook	
een	daadwerkelijk	voordeel	brengt	hangt	af	van	de	relatieve	investering	in	
reproductie.	 Ik	 laat	ook	zien	dat	 ‘fast	 starts’	een	substantiële	driedimensi-
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